It has recently been established that synthesis of double-stranded cDNA can be done from a single cell for use in DNA sequencing. Global gene expression can be quantified from the number of reads mapping to each gene, and mutations and mRNA splicing variants determined from the sequence reads. Here we demonstrate that this method of transcriptomic analysis can be done using the extremely low levels of mRNA in a single nucleus, isolated from a mouse neural progenitor cell line and from dissected hippocampal tissue. This method is characterized by excellent coverage and technical reproducibility. On average, more than 16,000 of the 24,057 mouse protein-coding genes were detected from single nuclei, and the amount of gene-expression variation was similar when measured between single nuclei and single cells. Several major advantages of the method exist: first, nuclei, compared with whole cells, have the advantage of being easily isolated from complex tissues and organs, such as those in the CNS. Second, the method can be widely applied to eukaryotic species, including those of different kingdoms. The method also provides insight into regulatory mechanisms specific to the nucleus. Finally, the method enables dissection of regulatory events at the single-cell level; pooling of 10 nuclei or 10 cells obscures some of the variability measured in transcript levels, implying that single nuclei and cells will be extremely useful in revealing the physiological state and interconnectedness of gene regulation in a manner that avoids the masking inherent to conventional transcriptomics using bulk cells or tissues.
nuclear RNA | deep sequencing | whole cell RNA M ethods for measuring gene expression in single cells have been limited to reverse transcription (RT)-PCR for candidate genes (which has primer design restrictions) and to microarray analysis (which has a low dynamic range and excludes the ability to discover new transcripts or splice isoforms) (1, 2) . Improvements in cDNA synthesis from single cells (3) (4) (5) have enabled RNA sequencing (RNA-seq) (6) . In the protocol followed here (7) (8) (9) , cDNA is synthesized from the 0.1-1.0 pg of mRNA in one cell (10, 11) by RT from poly(dT) primers, followed by second-strand cDNA synthesis by Taq DNA polymerase and PCR amplification of the cDNA to generate sufficient template for use in sequencing. Expression levels for a majority of the 10,000-20,000 genes expressed in one cell (5, 12) can be derived from read depth, and the sequences reveal genotype and splice variants.
Single-cell transcriptomics is a powerful tool to investigate gene expression at the most fundamental level of the individual cell. However, in tissues where intact cells are difficult to recover, such as highly interconnected neurons, an approach using a single nucleus becomes attractive. Previous studies demonstrated mRNA recovery from bulk nuclei (13) (14) (15) (16) (17) . We have shown that there is sufficient mRNA in bulk nuclei (13) or in pooled nuclei isolated by fluorescence activated sorting (18) for transcript profiling using microarrays, leading to accurate identification of promoters having cell type-specific activities. Other work has shown that polyadenylated (PolyA+) transcripts within the nuclear compartment of eukaryotic cells can be measured to 5-nucleotide resolution (19) . Here, we report whole transcriptome sequencing from a single nucleus. Transcript levels in nuclear and total cellular RNA from a mouse neural progenitor cell (NPC) line were generally similar, with only a small minority differing in abundance between the nucleus and the cytoplasm. Currently, single-cell transcriptomics from tissues requires proteolytic dissociation of cells at elevated temperatures which could potentially perturb transcriptional activity. Alternatively, laser capture microdissection might be used to capture single cells (20) , however, mechanical damage to the cell and its dendritic and axonal processes is likely. Furthermore, tissue-fixation methods typically used would be expected to interfere with synthesis of fulllength cDNAs. In contrast, RNA-seq from single nuclei will allow gene-expression studies directly from post mortem tissues that are maintained at 4°C throughout the process.
Significance
One of the central goals of developmental biology and medicine is to ascertain the relationships between the genotype and phenotype of cells. Single-cell transcriptome analysis represents a powerful strategy to reach this goal. We advance these strategies to single nuclei from neural progenitor cells and dentate gyrus tissue, from which it is very difficult to recover intact cells. This provides a unique means to carry out RNA sequencing from individual neurons that avoids requiring isolation of single-cell suspensions, eliminating potential changes in gene expression due to enzymatic-cell dissociation methods. This method will be useful for analysis of processes occurring in the nucleus and for gene-expression studies of highly interconnected cells such as neurons. The authors declare no conflict of interest.
Data deposition: The RNA sequencing reads and quality files reported in this paper have been deposited in the National Center for Biotechnology Information Sequence Read Archive (SRA), http://www.ncbi.nlm.nih.gov/sra (SRA accession nos. SRX255934, SRX255935, SRX255938, SRX256509, SRX256510, SRX256516, SRX256805, SRX256806, SRX256809-SRX256812, SRX256825-SRX256829, and SRX256832-SRX256835, and found in SRA study SRP020097). To whom correspondence may be addressed. E-mail: rlasken@jcvi.org or gage@salk.edu. Fig. 1 A, B , and E), and using sorted nuclei ( Fig. 1 C and D) labeled with propidium iodide (PI) (Fig. 1 G and H) but lacking EYFP fluorescence (Fig.  1F) . Confirmation of the precision of sorting was also obtained using epifluorescence microscopy (SI Appendix, Fig. S1 ). Doublestranded cDNA was prepared (SI Appendix, Methods S2) from eight individual nuclei and eight individual whole cells. Transcript levels for five housekeeping genes [Beta-actin (Actb), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), heat shock protein 90 alpha class B member 1 (HSP90ab1), and ribosomal protein L13 (Rpl13)] (22) and three NPC tissue-specific genes [ fatty acid binding protein 7 (Fabp7), H2A histone family member Z (H2afz), and vimentin (Vim)] (23) were measured by TaqMan quantitative (q)PCR (SI Appendix, Methods S2). Wherever possible (Hsp90ab1, Eef2, Vim, and Fabp7), primers spanned exon-exon junctions ensuring detection was from cDNA rather than from genomic DNA.
Single nuclei contained sufficient mRNA for analysis although the amounts were less than for whole cells based on qPCR ( Fig. 2 and SI Appendix, Fig. S2 ). Controls established that cDNA was not derived from contaminating free nucleic acids present in the NPC culture media; polystyrene fluorescent microspheres were added to either the whole cell or the nuclear preparations and then recovered by FACS (SI Appendix, Fig. S3 ). The milieu isolated along with the microspheres did not support cDNA synthesis (SI Appendix, Table S1 ).
Single NPC whole cells ( Fig. 3 A and D-G) and nuclei ( Fig. 3  B and H-K) were also isolated by micromanipulation (Fig. 3C ). Double-stranded cDNA was prepared from three individual nuclei, three individual cells, and pools of 10 and 100 flow-sorted cells to investigate the effect of averaging transcriptional profiles. Based on qPCR for the Gapdh transcript, cDNA was synthesized from all cells and nuclei, but not from the final PBS wash used to remove contaminating mRNA or DNA (SI Appendix, Fig. S4 ).
RNA-Seq from Single Nuclei and Single Cells. The cDNA preparations (SI Appendix, Fig. S4 ) generated 942 million total sequencing reads (SI Appendix, Methods S3) from 18 samples (SI Appendix, Table S2 ) with single nuclei and single cells averaging 47 and 56 million reads, respectively. An average of 47% of the total reads uniquely mapped to the Mus musculus genome [assembly MGSCv37 (mm9), to which the EYFP transgene transcript sequence was added], and 46% mapped to exonic regions (SI Appendix, Fig. S5 ), similar to published data (5). For 50 NPC markers and housekeeping transcripts analyzed in detail (SI Appendix, Table S3 ), only exons were detected (for example, Vim and Eef2 in SI Appendix, Fig. S6 ), demonstrating that most or all of the nuclear transcripts are rapidly spliced before cDNA synthesis, and that the intronic RNA reads detected (SI Appendix, Fig. S5 ) do not simply represent nonspecific transcriptional noise which would be expected to occur as a background across all genes. Although we lack a full understanding of the intronic reads, we conclude that all genes with deep exon coverage and lacking introns can be reliably analyzed. An average of 27% unique reads mapped to intronic regions, possibly identifying previously unknown splice isoforms or transcribed noncoding The intact cells form a discrete cluster, well separated from cellular debris. The gate (green) designates the region used as the sort window for isolation of single cells. Intact cells lacked red fluorescence, detected using a 620-nm/40-nm band pass filter, when PI was included in the medium. (F) Biparametric flow analysis of PI-stained nuclei using the same instrument settings as in E. The nuclei form a discrete cluster lacking EYFP fluorescence. (G) Biparametric-flow cytometric analysis of PIstained nuclei, examining red fluorescence, detected using a 620-nm/40-nm band pass filter, versus forward-angle light scatter. The nuclei form a discrete cluster, well separated from cellular debris. (H) Uniparametric display of the 620-nm fluorescence emission from PI-stained nuclei. The window used for sorting single nuclei surrounds the major peak within the nuclear distribution to exclude nuclear aggregates (doublets, triplets, etc.). figure) were FACS sorted into individual wells in a 384-well plate and used for cDNA synthesis and amplification by PCR. The PCR products were diluted 10-fold and tested for expression of five housekeeping genes (Actb, Eef2, Gapdh, Hsp90ab1, and Rpl13) and three NPC tissue-specific genes (Fabp7, H2afz, and Vim). Ct values of less than 50 were recorded. The number detected for each set of 8 replicate nuclei or cells (error bars) was as follows: (nuclei) Actb-3, 1, 7, 7, and 8 (for 1 nucleus, 2 nuclei, 5 nuclei, 10 nuclei, and 100 nuclei, respectively); RNA (ncRNA) (24) . Alternatively, these may result from poly (dT) priming from poly(dA) tracts in genomic DNA (SI Appendix, Fig. S7 ), but can be identified bioinformatically. An average of 20,065 and 20,243 unique transcripts were detected in the cell and nucleus samples, respectively, which is comparable to previous results for single cells (5) . Unique mapping of 10 million, 50-base reads is sufficient to account for the majority of nonsplice variants (5, 8) . Others (25) have shown that sequencing to a depth of 3 million reads was sufficient to identify the majority of genes in various human and mouse tissues, and sequencing to greater depth did not increase transcript detection. Another study (6) indicated that 10-30 million 25-bp reads are sufficient to map unique sites in the mouse genome. The transcripts detected in our study represent ∼78% of the manually curated 27,553 unique protein-coding transcripts in the NCBI Reference Sequence Database (RefSeq). 23% of unique reads mapped to published (9) intergenic sequences found in single cells (SI Appendix, Fig. S5 ). Possibly these regions are transcriptionally active (24) , or the reads may represent artifacts of RT priming from genomic DNA.
The distribution of reads-per-kilobase-of-transcript-per-million mapped (RPKM) values was determined for a series of bins between 0 and 100,000 (SI Appendix, Fig. S8 ). For both nuclei and cells, almost all of the mapped exons have an RPKM (6) value between 0.1 and 1,000, a dynamic range of four logarithms, and sensitivity approaching a single transcript per cell. The coverage for introns is higher in nuclei relative to cells (possibly due to unprocessed mRNA in the nucleus) with 40% mapped around 1 and 0.1 RPKM, respectively, consistent with the Encyclopedia of DNA Elements (ENCODE) bulk RNA data (19) , where 34% of the total nuclear transcriptome mapped to intronic regions compared with 22% in the cytoplasm. The intron-and intergenic-coverage distribution in single cells are similar suggesting that the RPKM intervals of high confidence lie at a threshold of 0.1. Further, the percent of transcripts in the lowest bin of expression (RPKM of 0.1-1.0) is not increased as more cells or nuclei are pooled, indicating that detection sensitivity is sufficient for single cells or single nuclei, and that ∼50 million reads is adequate to uniquely map to almost all of the available reference transcripts.
One concern was that use of nuclei might introduce sources of experimental variation, such as increased mRNA degradation accompanying cell homogenization or mRNA loss during purification of the nuclei. However, the RPKM values were similar for nuclei and cells over a range of approximately three orders of magnitude (Fig. 4 A and B) , based on transcripts of five housekeeping genes [Hsp20ab1, Rpl13, Eef2, Chmp2a, and poly-U binding splicing factor 60 (Puf60)] (22), five NPC-specific genes (Vim, Olig2, Fabp7, Racgap1, and H2afz) (23), and the EYFP transgene. Analysis of variance (ANOVA) applied to all samples indicated only a 3% difference between nuclei and cells, and the transcript levels for housekeeping genes remained within a 3.5-fold range across all samples. NPC-specific transcripts were also at similar levels across all libraries, as would be expected. The neuronal cell marker, Vim, was highly expressed with an average RPKM value of 2,368. Global gene-expression variation [mean values for the coefficients of variation (CVs) of the transcript levels for each gene] across three replicate nuclei was not higher than in cells (69.1% and 80.3%, respectively) (Fig. 4C) . Variation in global gene expression for bulk samples of 100 cells and 100 nuclei was almost identical (51.6% and 51.5%, respectively). Comparison of RNA-seq data from these NPC samples to recently published data (26) provides external confirmation of cell-type specificity (SI Appendix, Fig. S9 ).
Another concern was that low-copy transcripts might not be detected from single nuclei. However, single-nucleus RPKM values ranged from 1.00 (Gm71) to 5,016.78 (Tmsb4x). Because an RPKM value of 0.2 corresponds to about one transcript per cell (9), the dynamic range appears to span from 5 to about 25,083 transcript copies. Furthermore, expression variation and expression level are not positively correlated (for example, compare SDs of Puf60 with Hsp90ab1, Fig. 4A ). This implies that detection biases are not increased for low-copy relative to highcopy transcripts. Global transcriptional data (27) have previously shown that genes with an RPKM of at least 1 (about five transcripts per cell) can be analyzed in this cell type under similar conditions. Consistent with their observation, our analysis indicated that about 85% and 100% of the transcripts with at least 1 RPKM and 0.1 RPKM, were detected with less than 10% variation when 10 and 45 million reads were mapped, respectively (SI Appendix, Fig. S10 ). These results suggest that whereas at the lower end of the read mapping density (10 million reads), transcripts with 1 RPKM or greater constitute the high confidence set, those expressed at lower RPKM levels of at least 0.1 can be identified with greater reproducibility and confidence with an increasing number of mapped reads up to ∼45 million.
Gene Expression Is More Variable for Single Cells or Single Nuclei than for Bulk Samples. A goal in single-cell analysis is to unmask biological interactions that are obscured using multiple cells or cell types (28) . Principal component analysis (PCA) (SI Appendix, Fig. S11A ) and hierarchical clustering (SI Appendix, Fig. S16A ) confirmed that single-cell and -nucleus transcriptomes appear more variable than the pools of 10 and 100 with higher CVs (Fig.  4C ) and lower correlation coefficients (Rs) (SI Appendix, Figs. S11B and S12 A and B) for biological replicates. The highly variable transcripts in single cells and single nuclei were strongly reduced in the pooled samples (SI Appendix, Fig. S13 ), underscoring the potential of single-cell and -nucleus analysis to provide resolution not achievable using bulk samples. Single-nuclei transcriptome variability appears to be lower than in the single cells. A larger sample size would allow a more thorough investigation of transcripts that are consistently highly variable.
Nuclear and Whole-Cell Transcriptomes Are Similar, with Notable
Exceptions. Bulk mRNA contains some transcripts that are differently represented between cells and nuclei (13) . Differential expression analysis of the entire data set (SI Appendix, Table S1 ; single, 10, and 100 nuclei and cells; n = 9 for nuclei and n = 9 for whole cells) indicated a subset of the transcriptome was enriched within the nuclei compared with the cells. Based on a one-way ANOVA, 26,167 (98.3%) transcripts were equally represented in the two groups (P ≤ 0.05), similar to previous studies (13) (14) (15) 19) , and confirming that use of nuclei as the mRNA source does not introduce gross perturbations to gene-expression measurements. Microarray analysis on bulk human cells (19) found 96.5% of genes equally represented in nuclei and cytoplasm. Only 3.5% of the genes (735) displayed differential transcript accumulation. We also observed a minor proportion of transcripts (438 or 2.0%) at least threefold accumulated either within the nucleus or the whole cell (SI Appendix, Table S4 ), 80.4% (352) of which was enriched 3-to 30-fold in the nucleus. Gene Ontology (GO) analysis identified nuclear transcripts for several protein families with nuclear functions involving the cell cycle, mitosis, and transcription (29) . Likewise, transcripts overrepresented within the NPC nuclei are significantly enriched (P ≤ 0.05) for biological processes, including regulation of transcription (32 transcripts; GO:0006355) and regulation of RNA metabolic processes (32 transcripts; GO:0051252) (SI Appendix, Table S5 ), supporting earlier conclusions from bulk RNA (13) (14) (15) 19) . Interestingly, 7 of the 352 nucleus-enriched transcripts represent long intergenic ncRNAs (lincRNAs) and other ncRNAs, such as Xist, the product of which is a cis-acting regulator and triggers the recruitment of chromatin modifying factors (30) .
ncRNA. Many ncRNAs function in regulatory pathways, including regulation of proliferation, pluripotency, and development (24) . Single nuclei should be ideal for analysis of polyA+ ncRNAs. Many examples of ncRNAs were identified from the NPC samples (SI Appendix, Table S6 ), including lincRNAs [which function in chromatin remodeling (31) (32) (33) and in the regulation of pluripotency and differentiation (34) ] and microRNA (miRNA) [which regulate of a diverse set of genes in eukaryotes (24, 35) ]. We detected about 14% of all lincRNAs annotated in the Mouse Genome Database at the Mouse Genome Informatics Web site (36) : from all nuclei samples, 146 of 1053 were detected, and 147 in whole cells. Likewise, 90 (12.3%) and 103 (14.1%) miRNAs were detected in nuclei and cells, respectively, of 729 miRNAs described in the database. One hundred twenty lincRNAs (of 239) and 57 (of 293) miRNAs were expressed in both whole cells and nuclei. In nuclei, we detected 97 of the 330 miRNAs reported in an RNA-seq study of single whole cells (8) . The miRNAs detected are expected to be in the unprocessed, primary miRNA (primiRNA) form which are contained in the nucleus and have poly (A) tails (37) . Full-length pri-miRNA cDNAs are indicated that result from poly-T priming at the 3′ polyA tail and complete RTextension, giving deep coverage of the 5′ end (SI Appendix, Fig.  S14 ). We cannot formally disprove that clipped species could contribute 5′ reads (see the figure legend of SI Appendix, Fig.  S14) , however, the kinetics of processing might be investigated either from full-length or clipped species. Overall, this initial study suggests that single nuclei will be an important source of information for ncRNAs and that the number detected is about the same for whole cells and nuclei. About 50% of all transcribed sequences (many ncRNAs) have been found only in the nucleus (19) . Whereas these nuclear RNAs will also be detected in the whole-cell analysis, the nuclei should be a more direct source that is free of other RNA forms present in the cytoplasm.
Applying Single-Nucleus Sequencing to Brain Tissue. Use of single nuclei is of particular importance where interconnected cells are difficult to isolate, as is the case for the CNS. RNA-seq is demonstrated using hippocampus dentate gyrus (DG) tissue dissected from a mouse engineered with a Prox1-promoter-driven GFP for identification of DG neuronal cells (SI Appendix, Fig.  S15 ). Two biological replicates of single DG nuclei yielded more than a combined 123 million reads, with 82% of these mapping to the mouse genome (SI Appendix, Table S2 ). Hierarchical clustering and PCA showed that the replicate DG nuclei profiles both shared similarities and were distinct from the bulk stromal control and replicate NPC profiles (SI Appendix, Fig. S16 ). Based on this small dataset, tissue-derived nuclei perform as well in RNA-seq as cultured cells and nuclei. The high number of detectable gene transcripts (∼17,000 gene loci) and efficiency of read mapping and the observation of tissue-specific profiles indicate the feasibility of single nuclei transcriptomics from neuronal tissue.
Discussion
Transcriptional profiling of multiple single cells has recently emerged as a productive approach to define cell types and states. We extend use of this approach to single nuclei, which were unambiguously distinguished from whole cells by cytoplasmic expression of EYFP. Purification of the flow-sorted nuclei and cells was confirmed by epifluorescence microscopy (SI Appendix, Fig.  S1 ). Overrepresentation of transcripts related to regulation of transcription and RNA metabolic processes (SI Appendix, Table  S5 ) was also consistent with nuclei being the source of mRNA. Neither the final rinse buffer for micromanipulated nuclei (SI Appendix, Figs. S2 and S4) nor flow-sorted microspheres (SI Appendix, Table S2 ) supported cDNA amplification, demonstrating the absence of contaminating free nucleic acids. Thus, either a cell or a nucleus must be present within the sample to obtain cDNA. With our method, single nuclei could be isolated by either flow sorting or by micromanipulation. Another method for cell typespecific isolation of bulk nuclei has recently been described (16) , but this approach is limited to transgenic cell lines and has not been shown to be feasible using single nuclei.
A single nucleus generated less cDNA than the corresponding cell (Fig. 2) , presumably reflecting the 10-to 100-fold lower content of polyA+ transcripts, however, similar numbers of transcripts were detectable (on average, 20,065 unique transcripts from single cells and 20,243 from single nuclei). Ninetyeight percent of the transcripts were found at similar levels between nuclei and whole cells (having a less-than-threefold difference in average transcript levels), and differences in transcript levels across genes were also similar (Fig. 4) . We conclude that general-expression differences between genes are conserved between nuclei and cells. A more detailed analysis will be required to determine whether smaller changes in transcript levels can be detected with equal accuracy across nuclei and cells. The global expression patterns among single nuclei or single cells were more variable than for the pooled 10-and 100-sample replicates (SI Appendix, Fig. S12) , consistent with earlier studies on cell-to-cell variation, including use of genetically identical cells (38) (39) (40) (41) (42) (43) , and recognizing that different genes differ in their degree of cell-tocell variability (42, 44) . The observed variability between replicate single cells and between single nuclei (SI Appendix, Figs. S11A and S12 A and B) was similar to that described from the RNA-seq of single cells (45) . The average number of genes that are similarly expressed in single nucleus replicates was 96.8% and for single cells, 85.7%. Single-nuclei transcriptome variability appears to be lower than in the single cells. Possibly, this reflects the compartmentalized mechanisms of mRNA decay leading to the differential turnover of transcripts in the two locations. Where fewer mechanisms of nuclear mRNA decay are known, several exist in the cytoplasm, potentially leading to a higher rate of mRNA decay (46, 47) . Isolation of nuclei by tissue homogenization at 4°C, thereby arresting gene expression, is preferable to enzymatic dissociation of whole cells (which has the potential to perturb gene expression) (48) , and to mechanical separation of cells [micromanipulation or laser capture microdissection, which sever dendrites and axons]. A detailed comparison of the transcriptional profiles of whole neurons and their nuclei will be needed to further explore the effects of cellular stress on gene expression and the advantages of using nuclei. Use of nuclear transcripts is particularly attractive where isolation of intact single cells from complex tissues is difficult, for example, in the CNS. Single DG nuclei from tissues yielded whole-transcriptome data comparable to data from cultured NPC nuclei and whole cells (SI Appendix, Table S2 ).
Several classes of regulatory ncRNAs were detected in single nuclei, including lincRNA and miRNA (SI Appendix, Table S6 ). Nuclei should also be ideal for investigating transcripts that are selectively accumulated within the nucleus. According to ENCODE data (19) , half of all transcribed sequences are found only in the nucleus and are mostly unannotated. Single nuclei contained a higher percentage of intergenic and intronic sequences than single cells (SI Appendix, Fig. S5 ), suggesting that nuclei will be an ideal source for discovery of new unannotated ncRNAs and will facilitate studies of some RNA processing events, including processing of pri-miRNAs.
Further improvements in methods for cDNA synthesis from single cells and single nuclei for use in RNA-seq analyses will emerge. Two recent methods appear limited by selective 3′ (49) or 5′ (50) end-tagging strategies for measuring mRNA abundance. Another protocol, published during the course of our investigation [switching mechanism at 5′ end of RNA template or Smart-seq (51)] demonstrates a reduced 5′ attenuation of the transcript signal, although it does not entirely eliminate it. Additional validation studies will be required to fully compare the performance of the available single-cell protocols. However, we expect that single nuclei will be a suitable source of mRNA for most protocols. Differentiation was initiated by withdrawal of mLIF and transfer to low adherence (i.e., 3262 polystyrene) culture dishes (Sigma). Embryoid bodies (EBs) were observed after overnight culture, aspirated, filtered (70 μm) to improve size homogeneity, and then replated in N2 media [DMEM/F12 (Invitrogen), 1X B27 (Gibco), 1X N2 (Invitrogen)] supplemented with 500 ng/ mL Noggin (Peprotech). Media was changed every other day. After 5 d, EBs were collected and dissociated with papain (Worthington Biochemical Corp.) for subsequent NPC culture. NPC cultures were initiated by plating dissociated EB/neural rosettes (200,000 per mL) on laminin-coated plates in N2 media with 20 ng/mL EGF (StemGent), 20 ng/mL FGF (Peprotech), and 0.2% FBS (Atlanta Biologicals). NPC cultures were maintained by feeding every other day in N2 media with 20 ng/mL EGF, 20 ng/mL FGF, and 1 μg/mL laminin (Invitrogen). Splits (1:3) were performed at confluence (circa a weekly basis) using TrypLE (Gibco).
Isolation and Staining of Whole Cells and Nuclei from NPC Cultures. NPCs were grown and harvested, as for passaging, and kept on ice in HBSS (Gibco). Onethird of this population was used for whole-cell micromanipulation or sorting. Whole cells expressing EYFP were chosen for downstream micromanipulation and cDNA synthesis. The rest (two-thirds) was transferred to nuclei isolation media [(NIM) 250 mM sucrose, 25 mM KCl, 5 mM MgCl 2 , 10 mM Tris], aspirated three times through a 27-gauge needle, and centrifuged at 1,200 × g for 8 min. Nuclei were further purified using a 29% iodixanol cushion and centrifuged at 10,300 × g for 20 min. An aliquot was observed by fluorescence microscopy to confirm the absence of EYFP signal. A candidate single cell or single nucleus was selected from the population and serially washed in cold PBS to remove potential nucleic acid contaminants from the sample. Nuclei were stained by addition either of DAPI (20 μg/mL) or PI (50 μg/mL), as previously described (18) . RNA-seq was performed using single nuclei from which the cytoplasm had been removed.
Cell Staining and Nuclei Isolation from Hippocampal DG. All protocols were approved by the Salk Institute's Institutional Animal Care and Use Committee. Prox1-GFP mice (MMRRC, stock no. 031006-UCD) express (53) GFP in DG neurons. Mice were anesthetized with a ketamine/xylazine mixture and transcardially perfused with 0.9% NaCl solution followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. Brain tissue was postfixed overnight in 4% PFA at 4°C and then transferred to a 30% sucrose solution. Forty-micron coronal sections were cut on a sliding microtome and all immunohistochemistry was performed on free-floating sections. Tissue from animals was incubated with a primary antibody [rabbit anti-Prox1
(1:250, Covance)]. for 48 h at 4°C followed by incubation with a secondary antibody. Images were taken using a confocal microscope (Radiance 2100; Bio-Rad). A transgenic mouse expressing GFP under the Prox1 promoter enabled the observation of endogenous Prox1 expression in vivo. The DG was isolated by dissection as before (54) . Nuclei were obtained from freshly dissected tissue using a Polytron (Kinematica, Inc.), and dounce homogenization in NIM + 0.5% triton. Purification of nuclei was performed as for NPCs.
Flow Cytometry and FACS Sorting of Single Nuclei. A FACS Aria II flow sorter (Becton Dickinson, San Jose, CA), (argon laser, 100 mW at 488 nm), used a custom forward scatter photomultiplier for high-sensitivity small-particle detection. An aliquot of the purified nuclei (Methods, Cell Staining and Nuclei Isolation from Hippocampal DG) stained with propidium iodide (PI, 20 μg/mL final concentration) lacked EYFP. Sorting gates were based on flow analysis of events (cells, nuclei), and validated by sorting onto glass slides, and examination via phase contrast and fluorescence microscopy. Samples were sorted at a rate of 50 events per second, based on side scatter (threshold value >200). Fluorescence detection used a 510-nm dichroic longpass beam splitter, and a 525-nm/25-nm-band pass barrier filter for EYFP, and a 620-nm/ 40-nm-band pass filter for PI. Biparametric histograms of light scatter versus fluorescence (with log scaling) were collected for a total count of at least 50,000 events. The sequenced 10 and 100 cells and nuclei were isolated using FACS, whereas the single samples were isolated via micromanipulation.
For micromanipulation of single cells and single nuclei, see SI Appendix, Methods S1; for cDNA synthesis, amplification, and TaqMan analysis, see SI Appendix, Methods S2; for SOLiD (Life Technologies) sequencing, mapping, and error correction, see SI Appendix, Methods S3; for bioinformatics analysis, see SI Appendix, Methods S4; and for GO analysis, see SI Appendix, Methods S5.
